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Exact measurements or modeling of human exposures to environmental pollutants are of crucial importance for a realistic evaluation of public health
risks. Current concepts, however, often use assumptions that result in overly conservative assessments of public health risks. Too frequently the
dose of the pollutant retained in the body is approximated by oversimplified predictions assuming that all that is inhaled remains in the organism, that
pollutant concentrations in various microenvironments are identical to those recorded by remote monitors, that the residence indicates the site
where people spend all their time, and that the urban population is continuously exposed to outdoor air for 24 hr/day and 70 years/lifetime. The
review shows that in intermittent exposures only a fraction of inhaled toxicants remains in the body, that pollutant concentrations differ largely from
one microenvironment to another, and that human activity patterns must be incorporated in every realistic exposure assessments. Specifically, the
probability of being exposed to a short peak of ozone is predetermined in variable urban concentrations primarily by the coincidence of exercising
outdoors at the time and site of elevated ozone levels. When combined with a physiologically based exposure evaluation, this probabilistic
approach provides a scientifically sound estimate of actual occurrences of adverse exposures and a realistic assessment of potential health hazards.
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Introduction
In 1970, the U.S. Congress found that
the predominant part of the Nation's popu-
lation is located in its rapidly expanding
metropolitan and other urban areas,
and
that the growth in the amount and complex-
ity of air pollution brought about by urban-
ization, industrial development, and the
increasing use of motor vehicles, has resulted
in mounting dangers to the public health
and welfare, including injury to agricultural
crops and livestock, damage to and deterio-
ration of property and hazards to air and
ground transportation (1).
Thus, it enacted legislation intended to
protect and enhance the quality of the
Nation's air resources as to promote the public
health and welfare and the productive capacity
ofits population (1).
The reasons for public concern were obvi-
ous. In 1965 to 1966, air quality data indi-
cated that ambient oxidant levels exceeded
0.16 ppm in the Los Angeles Basin on 70
days/year, and about 63% of people living
in the metropolitan Los Angeles area experi-
enced oxidant levels higher than 0.08 ppm
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more than 50% of the days per year. In
1971, 58% of the total U.S. population
resided in areas exceeding the national ambi-
ent air quality standard for suspended par-
ticulates, and ambient air levels of particu-
late matter exceeded 150pgg/m3 more often
that 5% ofall days (2).
On the other hand, the implementation
of controls on emission sources between
1970 and 1989 has reduced the U.S.
national emissions ofvolatile organic com-
pounds from 25.0 to 18.5 teragrams/year,
carbon monoxide from 101.4 to 60.9 tera-
grams/year, particulate matter (TSP) from
18.5 to 7.2 teragrams/year, and lead from
203.8 to 7.2 gigagrams/year (3). This rep-
resents an unprecedented overall 26 to
96% improvement in these important air
quality components that was achieved in
spite ofa continuing growth ofpopulation,
energy use, and vehicle miles traveled.
Because of the improved air quality, the
evaluation of potential public health haz-
ards from urban air pollution is, therefore,
more difficult in the 1990s than it was 20
years ago. With the lower pollution levels,
today's assessments require new approaches
if the real public health risks are to be
assessed and the needs for additional con-
trols evaluated.
The public health risk is usually described
as a product of the potency of the toxicant
and exposure. A correct description of the
latter is, therefore, of crucial importance in
all evaluations ofthe expected risks for pub-
lic health. This paper will a) review current
concepts of exposure definition, b) briefly
describe important physiological processes
that are involved in the transfer ofairborne
pollutants into the organism, c) emphasize
the stochastic character ofthe required coin-
cidence of events for adverse human expo-
sure to occur, and d) introduce probabilis-
tic approaches that should result in more
realistic exposure estimates.
Current Concepts
Significant progress has been made in the
assessment ofthe health risks from air pollu-
tion during the past decade. In 1983, the
U.S. Academy of Sciences divided the con-
cept of a science-based risk assessment into
four basic components: hazard identifica-
tion, dose-response assessment, exposure
assessment, and risk characterization (4).
The approach emphasized that there are two
main components ofthe risk. The risk is not
definedsolelybythe toxicity or carcinogenic-
ity ofpollutants but is equally characterized
by an adequate description ofhuman contact
with the pollutant (i.e., exposure). Indeed,
exposure is a necessary predeterminant ofthe
final outcome; if there is no exposure, no
effects can be expected.
Because the term exposure has been inter-
preted indifferentways, theNAS consolidated
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the approach by defining the exposure to a
contaminant as
an event consisting ofa contact at a bound-
ary between a human and the environment
at a specific concentration and for a speci-
fied interval of time; the units to express
exposure are concentration multiplied by
time (5).
This definition ofexposure was accepted by
the U.S. Environmental Protection Agency
(EPA) in 1992 (6), and the Agency describes
quantitative exposure by integrating exposure
as afunctionofconcentration time
Integrated exposure = C(t) dt
tl
[1]
where C is concentration, t is time, and
exposure duration t2 - t1. By convention,
the risk is approximated by accepting the
principle of Haber's law of equitoxicity
(7), which assumes that the effect is inde-
pendent of pollutant concentrations and
proportional solely to the product of con-
centration and time. This is described by
the equation
Effect = Cx t, [2]
where the effect is equal to the product of
concentration (C) and time (t). The equi-
toxicity law has been criticized, however
(8), and experimental evidence suggests a
limited validity of the formula for breath-
ing organisms (9) as well as exposed plants
(10). Moreover, the proposed approach
limits the definition of exposure to a con-
tact at a boundary and provides no ade-
quate information on how much of the
inhaled pollutant is retained in the organ-
ism and what is the resulting absorbed dose
to be correlated with the adverse response.
The EPA guidelines, therefore, trans-
form the contact at the boundary into an
integrated chemical intake rate and intro-
duce inhalation rate [IR(t)] as an addition-
al parameter to quantify the delivered dose
t2
Absorbed dose C(t) x IR(t) x dt.
tl
[3]
where Cx IRis the concentration ofthe pol-
lutant in the medium times the intake rate of
the medium over time. However, this
expression assumes that all that is inhaled is
retained in the organism (100% retention).
This conservative assumption may notalways
be correct (11). Consequently, including the
inhalation rate into the expression accounts
for augmented mass transfer of the pollu-
tant from the ambient air into the organ-
ism, and inevitably, for an exaggerated pop-
ulation risk. As shown in the next section,
the transfer of the inhaled pollutant in the
respiratory system is a complex process and
requires pollutant-specific corrections if the
net absorbed dose is to be adequately deter-
mined and the actual hazard correctly
assessed.
The conservatism implied in the many
assumptions used in risk evaluation limits
more efficient use of these approaches in
assessing the actual health risk of air pollu-
tion. It introduces systemic errors that can
bias the outcome of the evaluation. The
limitations are particularly ofconcern when
additional deficiencies of the current
approach are considered (e.g., the assump-
tions that concentrations at remote moni-
tors rather than the breathing zone levels
are representative of the individual's
microenvironment, that the residence site is
the characteristic location where people
spend all their time and that a continuous
outdoor air contact with the pollutant
occurs for 24-hr/day and 70 years/lifetime,
etc.). These cumulative errors increase the
estimated public hazard and introduce an
unacceptable bias into the final assessment
ofthe risk.
Physiological Processes
Involved in Pollutant
Retention in the Lung
More than adequate information exists on
biological processes involved in the uptake
of pollutants from the inhaled air in pub-
lished pharmacological and physiological
studies. Similarly, as in physiologically
based pharmacokinetics, a physiologically
based exposure assessment (PBEA) intro-
ducing principles oftoxicological and phar-
macological science into the evaluation of
the actual dose-response mechanisms should
be applied in exposure estimates. While
mechanistic toxicology and biologically based
modeling are effective tools for predicting
incidences of adverse responses at various
doses of toxins in laboratory animals and
people (12), the progress ofpharmacokinetic
simulations of toxicant disposition, toxi-
cant-target interaction, and tissue responses
will remain limited unless similar considera-
tions are given to the exposure process.
Too frequently sophisticated pharmacoki-
netics models are not accompanied by a
similar treatment of exposure in routine
risk evaluations.
Figure 1 depicts the basic relationship
between the exposure and an adverse
Exposure|Absorbed Tissue
(contact) Dose Response
Figure 1. Simplified model of the relationship
between exposure and tissue response.
response. The scheme shows that the con-
version of the inhaled toxics by a simple
product ofconcentration and contact time is
only a rough approximation ofthe retained
dose predetermining the final effect. This
simplified approach introduces errors
unless we consider important parameters of
the transcellular transport of pollutants in
the assessment scheme.
First, the integrated exposure concept dis-
regards mechanistic differences between res-
piratory or systemic action of the toxicant.
Experimental data demonstrate largely dif-
ferent responses between the concentration-
dependent responses ofirritant gases directly
acting on the respiratory epithelium and
between a chronic action of systemic poi-
sons or chemical carcinogens that accumu-
late in the body (13). Henderson and
Haggard (14) pointed out in 1943 that irri-
tating gases and respiratory injury-produc-
ing pollutants initiate the adverse responses
primarily by the inhaled concentration
rather than by an integrated dose from long-
term exposures to low concentrations ofthe
same toxins. Numerous experimental data
have confirmed this relationship since that
time (15,16), but the integrated exposure
assessment does not differentiate between
these basic mechanisms oftoxicant action.
Second, the actual absorbed dose of an
inhaled reactive gas such as ozone is not
adequately quantified even if expressed as
the product of ventilation rate and the
inhaled concentration. The scheme in
Figure 2 indicates and experimental data
confirm that before the inhaled concentra-
tion reaches the sensitive walls ofthe respi-
ratory airways, it encounters a well devel-
oped system of effective defense mecha-
nisms. Mainly these include an attenuated
ventilation rate and the neutralizing capacity
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Figure 2. Structure of the respiratory airways wall and
the main components of physiological defense mecha-
nisms.
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ofrenewable dynamic sinks. In the human
lung, these sinks are represented primarily
by the increased turnover of disposable
alveolar phagocytes, stimulated secretion of
mucus produced by the secretory cells of
the bronchial walls, or both. It should be
noted that both defense mechanisms are
extremely reactive and often result in an
increased tolerance of the organism to
repeated exposures (adaptation).
Even the most elaborate dosimetric
models do not recognize the variability and
renewable capacity of these defense mecha-
nisms and the level of their impact in pre-
venting the entry of pulmonary irritants
into the lung unless their capacity is
exceeded. Due to disposal of the reacted
products of the pollutant with the mucus
or migratory phagocytic cells (that can be
fully saturated with the inhaled pollutant),
the dose delivered to the peripheral sensi-
tive parts of the respiratory airways is
reduced or minimized, if it persists at all.
These renewable mucus and phagocytic
sinks can irreversibly neutralize reactive
gases such as ozone, nitrogen oxides, and
other oxidants and provide an effective
protection against their effects on respirato-
ry cells. Unfortunately, data on mucus
production rates, capacity, or binding
power are still scarce and need to be devel-
oped if these protective mechanisms are to
be quantitatively assessed in dosimetric
models.
Third, experimental evidence for nonre-
active gases shows that both the mucus layer
and the alveolar membrane allow free diffu-
sion of gases in both directions and repre-
sent no major barrier to their transfer into
or from the circulating blood. However,
solubilities ofthe agent in blood (blood/gas
partition coefficients) predetermine whether
the inhaled pollutant is retained in the
blood compartment and the corresponding
depots or excreted with the exhaled air
(Figure 3). When a quasi-steady state (satu-
ration) is achieved, no more toxicant is
transferred across the alveolar barrier, and
the toxicant concentrations in the exhaled
air are not different from those inhaled.
Contrary to the integrated system predic-
tions, no net intake of the toxicant occurs
in the lung at this state, and all that is
inhaled is returned back into the ambient
air in spite ofthe continuing boundary con-
tact (exposure). The existence and the
kinetics of these mechanisms is well docu-
mented for many urban air pollutants (e.g.,
carbon monoxide, benzene, other industrial
solvents, etc.).
Thus, many physiological factors can
substantially reduce the net uptake of the
pollutant into the organism in spite of the
continuing presence of the pollutant in the
inhaled air, prolonged contact, or increased
ventilation rate. Yet, the conventional
exposure models frequently register contin-
uing exposures as a steady uptake of the
agent into the organism. This incorrectly
increases the absorbed dose and exaggerates
the health risks.
The Stochastic Character of
Exposure Events
Integrated exposure assessments for popula-
tion groups are often based on static para-
meters such as population census, residence
sites, etc. and do not adequately recognize
the dynamic character of the exposure
process. As a result, estimates of the U.S.
population living in counties that exceeded
the ozone standard in 1990 are estimated to
vary between 63 and 140 million people,
based on the attainment definitions (17).
It should be recognized that, similarly, as
other random event processes, the occur-
rence of exposure is basically a stochastic
process and is influenced by human behav-
ior. Rigorous deterministic approaches dis-
regard dynamic mobilities of the popula-
tion as well as of ambient levels and, in
most cases, calculate the overall risk as pos-
sible exposures per person per year. Even if
corrected to include the "sensitive" popula-
tion, these methodologies have remained in
most cases purely approximate estimates that
are remote from real-life situations. Thus, in
spite of being repeatedly used as a relative
index ofthe risk due to air pollution in a pol-
icy context, the exposure estimates continue
to be viewed by the technical community as
"preliminary in nature because ofthe consid-
erable uncertainty in inputs regarding
human activity and exercise patterns or pre-
dicted pollutant concentrations" (18).
The largest use of the simplified deter-
ministic estimates occurred in the develop-
ment ofthe scientific basis for the U.S. reg-
ulatory process under the provisions of the
1970 and 1977 Clean Air Acts. In the
most advanced cases, these exposure models
(EPA National Exposure Model [NEM],
etc.) describe distributions of exposures in
specific population groups by generating
randomly selected responses to ozone con-
centrations exceeding the standard. The
probability distribution of the response
(triggered by ozone concentrations exceed-
ing the threshold of the specific health
point) is frequently calculated by inverting
the conditional probability density function
according to Bayesian rules and by control-
ling for possible autocorrelation and sys-
temic seasonal variations (19). The out-
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Figure 3. Major pathways involved in the transport of
reactive and nonreactive gases into and from the
organism.
come is usually expressed either as the num-
ber of possible person-exposures above the
standard or the number of persons with at
least one excess exposure per year (20).
The uncertainties involved in these risk
estimates remain large. Again, all models
use fixed-site monitors to represent the qual-
ity ofair inhaled by the city residents. The
models also assume that a small number of
fixed-site monitors universally represent the
air quality in the entire city area, that the
population is adequately characterized by
general demographic data (census tracts,
etc.), that a simple linear transformation
can convert outdoor air quality levels into
that corresponding to microenvironments,
and that limited human activity studies can
be generalized for the entire urban popula-
tion. The fact that the randomly selected
chances do not consider the required coin-
cidence of conditions necessary for expo-
sure occurrence is even a larger concern.
Probabilistic Concepts of
Exposure Modeling
Rather than studying the distribution of
exposures in static populations, probability
models test the chance whether a person
selected at random will experience contact
with the pollutant given that other required
conditions are met.
The approach can be best illustrated with
ozone. Ozone is an urban pollutant that is
generated by complex interactions of the
hydrocarbon emissions with nitrogen oxides
and solar radiation. As a secondary pollutant,
the ozone concentration depends on the pres-
ence of the precursors, UV radiation, and
other factors. Consequently, there is a large
diurnal variation in ambient ozone levels with
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Figure 4. Typical ozone concentration variation in metropolitan areas of southern California (21).
Table 1. Ozone concentrations and physical activity levels at which pulmonary function test decrements occur
after 2- to 3-hr ozone exposure (22).
Concentration, ppm Conditions Ventilation rate, L/min
>0.50 At rest(sitting) 5-10
>0.37 Light exercise (slowwalking) 10-23
>0.30 Moderate exercise (briskwalking) 23-43
>0.24 Heavy exercise (easy running) 43-63
>0.18 Very heavy exercise (competitive running) >63
"Effect Event" Probability Model
Figure 5. Probability of an occurrence of adverse exposure to high ozone concentration in urban environments.
characteristic daily maximum concentrations
occurring in the early afternoon (Figure 4).
Because the health concerns are concentrated
primarily on the highest recorded concentra-
tions or the first violation of the air quality
standard (more than 0.125 ppm), there is
only a finite interval (window) when such
exposures could occur. Differences also exist
in the spatial distribution ofozone within the
city or county limits. It should be particular-
ly noted that high ozone concentrations exist
only in the ambient air outdoors. Ozone lev-
els inside an air-conditioned house are a small
fraction ofoutdoors concentrations. Because
human activity patterns indicate that an aver-
age person spends no more than 10 to 15%
of his or her time outdoors and that the
majorityoftheworkingpopulation commute
large distances to work, the possibility of an
exposure to elevated ozone concentrations
can occur onlywhen all the conditions for an
adverse exposure coincide (i.e., you must be
at the site with high concentrations at the
time ofdaily maximum and be outdoors). In
addition, ambient air concentrations ofozone
must exceed a critical level before the effect is
observed. These levels depend on human
ventilation rates (physical activities).
Evidence from clinical studies on human
volunteers (Table 1) indicates that human
organisms tolerate high ozone concentrations
(0.5 ppm) when at rest but are sensitive to
ozone levels compatible with urban pollution
when involved in heavyphysical exercise (22).
In many cities, this means that an effect-pro-
ducing exposure can occur in an urban envi-
ronment only in those exposed persons that
intensively exercise. At least four conditions,
therefore, must be met if any potentially
adverse health effect might occur. Each of
these conditions has its own probability, and
onlywhen those probabilities coincide is there
achance for an effect event (Figure 5).
The probability of a joint occurrence of
mutually independent events is governed by
the multiplication rule. This rule states that
the probability of simultaneous occurrence
ofall these conditions is equal to the prod-
uct of the individual probabilities, under
the assumption that the previous individual
conditions have already occurred. The
probability of an adverse exposure (PEE) is
then characterized by the expression
xP
PEE =Pite
XPpeak time X Poutdoors exercise
[4]
showing that the final probability is deter-
mined as the product of individual probabili-
ties predicting the outdoor presence (Poutdoors)
and being at the site with elevated concentra-
tions(P1ite), at the time ofthe concentration
peak (Ppeak time)' with the chance of inten-
sive physical exercise (Pexercise)
The first stochastic concepts were intro-
duced into exposure modeling by the 1990
modification of the NEM (23). The study
simulated exposures using linearized random
analysis ofpersonal ozone data collected dur-
ing the Houston Asthmatic Study. The 1982
Houston conditions (designvalue of0.19 ppm
with 27.6 days exceeding the standard) were
considered roughly equivalent to conditions
under which Houston's attainment status was
determined in 1987 to 1989 (design value of
0.22 ppm ozonewith 12.2 days exceeding the
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standard). The model estimated that the
number ofpersons with daily maximum 1-hr
exposure less than 0.12 ppm ozone was in
1982 at the level of 80,813 out of the 2.26
million Houston residents (3.6%).
In 1991, a more complex probabilistic
approach was used to analyze the chance of
whether a randomly selected member of a
population cohort will experience an expo-
sure event by calculating the coincidence of
events leading to an adverse exposure.
Ozone data from the Houston area and pop-
ulation cohorts with specific activity patterns
(home and work districts and commuting
groups) were used to estimate the number of
person-events (i.e., the probability ofbeing
outdoors at the time and site of an ozone
peak [0.28 ppm] that occurred in Houston
on August 17, 1982 in District 7 at 4:00
P.M.). The person-events were calculated
using thefollowingformula:
PERSON-EVENTS(d, h, w) =
POP(d, h, w) x EVPROB(d, h, w)
[5]
where POP(d,h, w) was thepopulation cohort
associated with demographic group d, home
district h, and work district w and EVPROB
was the event probability for the same group
anddistricts. Summingthevalues oftheproba-
bilities overall cohorts produced the numberof
people who were outdoors in the specified dis-
trict on thespecific dayand hour.
The results indicated that out of the
studied Houston population of 2.26 mil-
lion, only 34,145 persons (primarily work-
ers living in the area and nonworking adults
ofmore than 55 years ofage) were outdoors
in District 7 at the time of the maximum
hourly ozone concentration between 4:00
and 5:00 P.M. on August 17, 1982. This
represents approximately 1.5% of the
Houston population (24). To predict the
occurrence of adverse exposures at this site
and time in 1982, additional analysis must
further estimate the coincidence ofthe per-
son-events with the possibility of heavy
physical exercise (i.e., breathing rate of 45
to 63 L/min, identified by the EPA as the
triggering point for adverse exposures at
ozone levels higher than 0.24 ppm). The
probability is then characterized by
EFFECTEVENT(d, h, w) =
PERSEV(d, h, w) x EXERPROB(d, h, w)
[6]
where the EFFECTEVENT(d, h, w) indi-
cates the probability of adverse exposure,
PERSEVis the occurrence ofperson-events,
and EXERPROB is the product ofthe popu-
Table 2. Ozone exposures in the U.S. population based on different attainment definitions and proposed exposure
models.a
Adverse exposure estimates based on
residency in nonattainment areas
3-year average (17) 1990(17)
58% 26%
140 million b 62.9 million b
Adverse exposure estimates based on
Deterministic models (20) Probabilistic models (24)
Paul, 1987 total population Johnson, exercise This study
15.1% 1.5% 0.09%
14.2 million 2.7 million c 162,000c
aExposure estimates by different exposure models are extrapolated from the Houston analyses under the assump-
tion that the U.S. urban environments (with the exception of southern California) are similar to or better than the
1982 Houston conditions. bBased on 240 million U.S. total population. CBased on 180 million U.S. urban popula-
tion.
lation fraction involved in heavy physical
exercise and the probability of the exercise
coincidence with the ozone peak. In this
pilot study, the NEM model value of 36%
for the fraction of the heavy exercising
(43-63 L/min) population (25) was used
as a first order approximation for the heavy
exercise group (instead of specific exercise
activities of corresponding demographic
groups d, at homes h and working districts
w), and the probability ofthe required coin-
cidence ofthe physical activity (2 hr out of
12 hr daylight time) with the ozone concen-
tration peakwas separately calculated.
Preliminary estimates computed under
these assumptions indicate that, contrary to
predicted high numbers ofadverse exposures
expected to occur in the entire studied popu-
lation by the attainment definition (2.26
million residing in the nonattainment area),
this new probabilistic approach restricts the
potential for adverse exposures to a much
lower fraction of the Houston residents
(2034 persons or0.09%). Because the above
calculation was for the ozone peak hour that
occurred in 1982 in Houston, the estimate
describes only adverse exposures on a single
day ofthe season when ozone concentrations
reached a level (0.28 ppm) considered
adverse for a population group ofsubstantial
size (the heavily exercising persons, which is
36% ofall residents). This high ozone level
did not reoccur in the studied area during
1982. However, if a similar calculation is
made for the few additional days when ozone
levels exceeded 0.18 ppm (triggering level for
adverse exposures only in very heavy exercis-
ing groups with more than 63 L/min venti-
lation rate), the numberofcomputed adverse
exposures is very small (64 events) because
the fraction of people involved in these
extreme levels ofexercise represents no more
than 0.26% ofthepopulation (25).
Even when all events are summed together
(2097), thetotal numberofadverse exposures
in Houston in 1982 is orders ofmagnitude
smaller than previous estimates based on the
nonattainment area residence and substantial-
ly smaller than the predictions ofdeterminis-
tic models. The probabilistic concept per-
mits, therefore, a more realistic assessment of
potential health hazards and can dramatically
improve public health risk estimates in the
regulatory process. These preliminary esti-
mates represent only the first attempt to
apply the probability concept in evaluating
actual adverse exposure events and need fur-
ther refinement. Certainly, both the accuracy
and validity ofthe probabilistic methods will
be further assured when specific exercise
information from activity diaries ofthe indi-
vidual demographiccohorts is induded in the
computation (26). However, assuming that
similarly restricted numbers ofadverse expo-
sures will be found when the probabilistic
concept is extrapolated to other U.S. metro-
politan areas, preliminary data presented in
Table 2 persuasively illustrate even today
that the probabilistic predictions, when
compared with previous ozone exposure esti-
mates, are much less conservative and more
realistic than the deterministic predictions.
Conclusions
It can be concluded that: a) The currently
used integrated exposure assessment is an
overly conservative approach that substan-
tially exaggerates population risks and pro-
vides an unusually large margin ofsafety; b)
In contrast, a PBEA considers differences in
the mechanisms ofaction, evaluates physio-
logical protective mechanisms, and permits
estimating the net pollutant uptake. When
correctly applied, it offers a more realistic
measure of the actual absorbed dose and of
the relationships between the levels of
inhaled pollutants and potential adverse
effects; and c) When combined with prob-
abilistic analysis, the physiologically based
exposure assessment provides a scientifical-
ly sound estimate ofthe actual occurrences
ofexposures and potential adverse effects in
specific groups ofsensitive populations.
The physiologically based probabilistic
exposure assessment represents, therefore,
progress in the quantitative riskassessment of
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the potential effects of urban air pollutants
on human health and, at the same time, pro-
vides a dependable index ofthe efficiency of
applied regulatory measures. The approach
will also assure that environmental protec-
tion efforts and proposed control technolo-
gies are appropriately targeted and offer the
best opportunity for an effective reduction of
importantenvironmental risks (27).
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